L eft ventricular (LV) hypertrophy (LVH)
, an increase in LV mass (LVM), is an independent predictor of cardiovascular events, such as heart failure and cardiovascular mortality. [1] [2] [3] It has been well documented that obesity and hypertension are the most important determinants of LVH in the general population. [4] [5] [6] Extensive observations have indicated that adiposity is one of the major predictors of LVH, especially eccentric LVH. 4, 7 Further, elevated blood pressure (BP) plays a driving role in the development of concentric LVH through chronic hemodynamic overload and increased central pressure.
Existing evidence suggests that increased adult BMI may play an important role in mediating the risk of developing LVH associated with childhood obesity. 18, 19 Although the concept has been generally accepted that early life obesity and adult LVH are linked through later life obesity and hypertension, the degree of the mediation effect of adult BMI and BP, especially the long-term measures of BMI and BP from childhood to adulthood, on the childhood BMI-adult LVH association has never been reported. In the current study, we aimed to determine quantitatively the mediation effect of adult body weight and BP levels on the association of childhood BMI, with adult LVH and LV geometric remodeling patterns using a longitudinal cohort enrolled in the Bogalusa Heart Study.
Methods
The methods are described in detail in the Online Data Supplement.
Study Cohort
The current longitudinal study cohort consisted of 710 black and white adult subjects, aged 26 to 48 years, who had been examined for LV dimensions in adulthood during 2004 to 2010 and BMI and BP ≥6× (at least 4× in childhood and at least 2× in adulthood). The mean follow-up period was 28.0 years. Standardized protocols were used by trained examiners across all surveys since 1973.
Echocardiographic LV Structure Measurements
To take body size into account, LVM was indexed for body height (m 2.7 ) as LV mass index (LVMI). LV relative wall thickness (RWT) was calculated as septal wall thickness plus posterior wall thickness divided by LV end-diastolic diameter. The presence of LVH was defined by LVMI>46.7 g/m 2.7 in women and >49.2 g/m 2.7 in men; LV geometry was considered concentric when RWT was >0.42. Four patterns of LV geometry were defined: (1) normal LV geometry (normal RWT with no LVH), (2) concentric remodeling (increased RWT but no LVH), (3) eccentric hypertrophy (EH; normal RWT with LVH), and (4) concentric hypertrophy (CH; increased RWT with LVH).
Statistical Methods
Long-term burden and trends of BMI and BP were measured as the area under the curve (AUC). The AUC of childhood BMI was calculated using 4 to 9 measurements during childhood. Long-term AUC measures of BMI, systolic BP (SBP), and diastolic BP (DBP) were calculated using 6 to 16 measurements from childhood to adulthood. General causal mediation analysis models were performed using linear and logistic regression models for LVMI and LVH geometries, respectively, adjusting for adulthood age, race, and sex. In the mediation models, the predictor variables were AUCs of childhood BMI or long-term BMI from childhood to adulthood; the mediator variables were adult BMI, adult BP, or their respective AUCs from childhood to adulthood; the outcome variables were LVMI, LVH, EH, and CH in separate models. Table 1 summarizes the study variables with respect to childhood AUC values, long-term AUC values, and adulthood values by race and sex. There were some race and sex differences in childhood AUC values and relatively greater race and sex differences in AUC values from childhood to adulthood. In adulthood, BMI, SBP, and DBP showed significant race (blacks>whites) and sex differences (males>females), except for race difference in BMI among males. Males had significantly higher values of LVM than females; black women had higher values of LVM and LVMI than white women. Black versus white subjects had a higher prevalence of EH (15.7% versus 9.5%; P<0.01) and CH (8.0% versus 3.3%; P<0.05), but concentric remodeling did not show a significant blackwhite difference (11.9% versus 11.6%; P=0.90). 
Results

Novelty and Significance
What Is Known?
• Childhood obesity is associated with cardiac hypertrophy in later life.
• Obesity causes eccentric cardiac hypertrophy with a normal heart wall thickness.
• Childhood obesity and the risk of developing a large heart size are linked through increased adult body weight.
What New Information Does This Article Contribute?
• The relationship between childhood body weight and adult heart size is largely dependent on increased adult body weight and blood pressure as well as their life-long burden.
• Childhood body weight imparts its effects on adult heart size largely through adult body weight than through adult blood pressure.
• Excessive body weight during childhood is strongly associated with eccentric cardiac enlargement in adulthood.
Despite extensive studies on the childhood obesity-adult heart size association, little is known regarding the magnitude of this relationship. We found that 76.4%-81.3% of the effect of childhood body weight on adult cardiac mass is mediated through increased body weight in adulthood. The mediation effect of adult body weight is more important than that of adult blood pressure. Moreover, childhood excessive body weight is strongly associated with eccentric cardiac enlargement in adults. However, the effect of childhood body weight on concentric cardiac hypertrophy in adults is mainly through blood pressure in adults. The quantification of the mediation effects of adult body weight and blood pressure would facilitate the development of novel prevention and intervention strategies for controlling the important predictors and mediators beginning in childhood to reduce the risk of cardiovascular disease in adult life. The total effects of childhood, total, and incremental BMI AUCs (βs and ORs) were all significant in whites and blacks; the association parameters did not differ significantly between race groups except for the association between childhood BMI AUC and LVMI (P=0.03; Online Table I ). The total effects of the 3 BMI AUCs were all significant, except for the association of childhood and incremental BMI AUCs with CH in males; the association parameters did not differ significantly between sex groups (Online Table II ). Higher values of childhood BMI with higher adult BMI or SBP were associated with the highest adult LVMI (P<0.01). The differences in LVMI in other pair-wise comparisons were all significant, except the BMI-high and the SBP-low group versus BMI-low and SBP-high group (P=0.33). Figure 2 shows the mediation effect of adult BMI and SBP on the childhood BMI-adult LVMI association, adjusting for adulthood age, race, and sex. The total effect of childhood BMI on adult LVMI measured as standardized regression coefficient (β Tot =0.40; P<0.01) was estimated without adult BMI in the model. The total indirect effect (β Ind =0.31; P<0.01) through adult BMI defined as the product of indirect effect 1 (β 1 ) and indirect effect 2 (β 2 ) was significant ( Figure 2A) . Likewise, the total indirect effect (β Ind =0.06; P<0.01) through adult SBP was also significant ( Figure 2B ). The mediation effect of adult BMI on the childhood BMI-adult LVMI association was significantly stronger than that of adult SBP (76.4% versus 15.2%; P<0.01 for difference). Net mediation effects of adult BMI and adult SBP independent of each other were both reduced from 76.4% to 67.5% (decreased by 11.6%) for adult BMI adjusted ) in Figure 2 . Figure 3 shows the mediation effects of total and incremental SBP AUCs on the total BMI AUC-adult LVMI and incremental BMI AUC-adult LVMI associations, respectively, adjusting for adulthood age, race, and sex. The total effects on LVMI were significant for total BMI AUC (β Tot =0.48; P<0.01) and incremental BMI AUC (β Tot =0.39; P<0.01). The mediation effect of total SBP AUC on the BMI-LVMI association was estimated at 12.1%, with a significant total indirect effect of 0.06 ( Figure 3A) . Likewise, the mediation effect of incremental SBP AUC on the BMI-LVMI association was estimated at 7.9%, with a significant total indirect effect of 0.03 ( Figure 3B ). Net mediation effects of the long-term AUC measures of BMI and SBP from childhood to adulthood were not estimated because the last measurement of adult BMI or SBP was included in the calculation of total and incremental AUC values. The mediation effect using LVM indexed for body surface area (g/m 2 ) was 36.8% for total SBP AUC and 26.3% for incremental SBP AUC. These mediation effects on the LVMI (g/m 2 ) were significantly increased, compared with 12.1% and 7.9% on the LVMI (g/m 2.7 ) in Figure 3 . The mediation effects of long-term measures of DBP on the BMI-adult LVMI association in Online Figure I were substantially similar to those with SBP as a mediator. Table 3 presents the results of mediation analyses with LVH geometry as the outcome in association with BMI and SBP, adjusted for adulthood age, race, and sex. Adult BMI and SBP had significant mediation effects on the association of childhood and long-term BMI values with adult LVH and LV remodeling patterns. The mediation effect of adult BMI on the association of childhood BMI with adult LVH was significantly stronger than that of adult SBP (81.3% versus 22.2%; P<0.01 for difference). Similarly, the mediation effect of adult BMI was stronger than that of adult SBP on the association of childhood BMI with EH (80.3% versus 20.0%; P<0.01 for *Covariates included adult age, race, and sex in all models. †Childhood AUC calculated using BMI measured 4-9 times during childhood was adjusted for childhood average age and then Z-transformed.
‡Total AUC calculated using BMI measured ≥6 times from childhood to adulthood was adjusted for childhood-to-adulthood average age and then Z-transformed.
§Incremental AUC of BMI calculated using BMI measured ≥6 times from childhood to adulthood was adjusted for childhoodto-adulthood average age and first measure of BMI in childhood and then Z-transformed.
‖β, different from 0: P<0.01; OR, different from 1: P<0.01. ¶Concentric remodeling (n=71) was not included. The control group had 537 subjects with normal LV geometry. P<0.01 for difference) as predictors. Net mediation effects of adult BMI and adult SBP on LVH, EH, and CH independent of each other were all reduced. The adjustment for adult BMI resulted in the largest change from 20.0% to 13.2% (decreased by 34.0%) in the mediation effect of adult SBP on the childhood BMI-EH association; the adjustment for adult BMI resulted in the smallest change from 28.1% to 27.0% (decreased by 3.9%) in the mediation effect of adult SBP on the childhood BMI-CH association. As mentioned earlier, the net mediation effects of the long-term AUC measures of BMI and SBP from childhood to adulthood could not be estimated. Additional adjustment for childhood SBP did not result in substantial changes in the net mediation effect of adult BMI on the BMI-LV geometry associations, but considerably reduced the net mediation effect of adult SBP by ≈50%. Online Table III shows the results of mediation analyses with DBP measures as mediators, adjusted for adulthood age, race, and sex. The mediation effects of adult DBP and DBP AUCs on the association of childhood BMI AUCs with adult LVH geometries were substantially similar to those of adult SBP. Further, the mediation effect of adult DBP on CH was significantly stronger than that on EH (P<0.01 for difference), with childhood (24.2% versus 16.8%), total (24.7% versus 17.8%), and incremental BMI AUCs (20.9% versus 9.9%). The net mediation effects of adult DBP, adjusted for adult BMI, were substantially similar to those of adult SBP. The adjustment for adult BMI resulted in the largest change from 17.3% to 9.3% (decreased by 46.2%) in the mediation effect of adult DBP on the childhood BMI-EH association; the adjustment for adult BMI resulted in the smallest change from 23.8% to 22.2% (decreased by 6.7%) in the mediation effect of adult DBP on the childhood BMI-CH association.
Online Table IV presents mediation analyses, with LVMI and LVH as the outcome in association with BMI, SBP, and DBP by race and sex groups. Adult BMI showed greater mediation effects in whites than in blacks; but the mediation effects of SBP and DBP did not show consistent differences between whites and blacks. The mediation effects of adult BMI, SBP, and DBP and their respective AUC values were consistently greater in females than in males. Net mediation effect of adult SBP after adjustment for adult BMI. β indicates standardized regression coefficient; β 1 , indirect effect 1; β 2 , indirect effect 2; β Dir , direct effect; β Ind , total indirect effect; β Tot , total effect; AUC, area under the curve; BMI, body mass index; LVMI, left ventricular mass index; and SBP, systolic blood pressure. 
Discussion
Obesity and hypertension are the most important risk factors related to cardiac enlargement in both children and adults. 7, 11, 20, 21 The Bogalusa Heart Study reported that long-term cumulative burden of overweight/obesity and elevated BP since early life had adverse impact on increased adult LVM and LV geometric remodeling patterns. 7 It is well known that childhood adiposity tracks into adulthood. 15, 16, 18 Although it is generally accepted that childhood adiposity affects LVM through adult BMI and BP connection, the degree of the mediation effect of later life excessive body weight and elevated BP has never been reported, especially by using the long-term BMI and BP measured from childhood to adulthood. In the current study, we quantified the mediation effects of adult BMI and BP and their long-term measures and found that the childhood BMIadult LVH association was significantly mediated by adult BMI and BP and their long-term values. Further, we noted that the mediation effect of adult BMI was stronger than that of adult BP on the association of childhood BMI with adult LV geometry patterns, especially adult EH. On the other hand, the mediation effects of adult BP and AUC values on adult CH were stronger than those on adult EH. These findings suggest that long-term influence of increased BMI from early life on subclinical changes in cardiac structure is mediated through later life increased BMI and elevated BP.
Previous studies have shown that early life adiposity was significantly associated with excessive cardiac growth in children and adults. 7, 11, 13, 14, 22 The longitudinal observation from the Bogalusa Heart Study has indicated that increased childhood BMI significantly predicts adult LVH and LV geometric remodeling patterns, especially EH. 7, 13 The current study found that childhood excessive body weight was linked to increased adult cardiac mass predominantly through adult increased BMI, with a mediation effect of 76.4%, whereas the path through adult elevated SBP accounted for only 15.2%. Of interest, the adjustment for adult BMI showed a substantially greater decrease in the mediation effect of adult SBP on the association of childhood BMI with EH than that with CH (decreased by 34.0% versus 3.9%). These observations provided additional, stronger evidence to support previous findings from our 7, 13 and other 4 studies that adiposity is more strongly associated with EH than with CH. Despite consistent existing observations, the pathological mechanisms underlying the link between childhood adiposity and increased LVM and LV geometric patterns in later life need to be further delineated.
It is well recognized that childhood obesity measures persist into adulthood, and adult obesity is strongly associated with cardiovascular disease. [15] [16] [17] The tracking correlation between childhood and adulthood BMI suggests that childhood obesity might affect cardiovascular disease risk through adult obesity connection. Juonala et al 18 reported that overweight or obese children who were obese as adults had increased risks of type 2 diabetes mellitus, hypertension, dyslipidemia, and carotid artery atherosclerosis. Despite the strong belief in the *Net mediation effect of adult BMI independent of adult SBP, and net mediation effect of adult SBP independent of adult BMI. †Net mediation effect of adult BMI and SBP after additional adjustment for childhood SBP. ‡P<0.01. §Concentric remodeling (n=71) was not included. The control group had 537 subjects with normal LV geometry. ‖P<0.05.
adult obesity connection, the degree of the mediation effect through adult body weight is largely unknown. The quantitative mediation analyses of the current study indicated that the childhood BMI-adult LVH association was significantly mediated by adult increased BMI and long-term values. Our analyses of LV remodeling patterns showed that increased childhood BMI had an adverse effect on adult LVH types, which was largely mediated through adult BMI levels, with a mediation effect of 80.3% for EH and 80.0% for CH. The present study provides strong evidence that the impact of increased childhood BMI on adult LVM and LVH involves an indirect effect, with adult BMI as a mediator located in the pathway from childhood BMI to adult LVH. On the other hand, despite a significant direct effect (0.10) of childhood BMI on adult LVMI in Figure 1 , the direct effect of childhood BMI on adult LVH (0.14), EH (0.16), and CH (0.13) shown in Table 3 was not significant after adjustment for adult BMI in the present study. There are studies also showing that the association between childhood BMI and adult cardiovascular risk became not significant after adjustment for adult obesity. 18, 23 Further investigation is needed to confirm these findings in studies with a larger number of subjects. Studies have shown that adiposity affects heart size through hemodynamic, metabolic, and inflammatory alterations, leading to LV enlargement and cardiac remodeling. 24, 25 The Framingham Heart Study reported that obesity accounted for ≈26% of cases of hypertension and ≈20% of cases of coronary heart disease. 26 Clinical and epidemiological studies have consistently demonstrated the role of elevated BP in the development of LVH and concentric LV remodeling through chronic hemodynamic overload and increased central pressure. 8 As childhood adiposity is highly correlated with increased risk of hypertension, 18, 27 elevated adult BP is generally considered to mediate the association of childhood adiposity with increased adult LVM and LVH. However, it was unclear to what extent childhood obesity affects LVH through adult BP connection. In the present study, we found that adult BP and long-term BP values had a significant mediation effect on the childhood BMI-adult LVH association, and adult SBP showed a significantly stronger mediation effect on CH (28.1%-32.2%) than on EH (11.6%-20.0%) as shown in Table 3 . The findings from the current and previous studies 7, 8, 28, 29 on the stronger association between elevated BP and CH point to the importance of BP control for the development of CH, which is considered to carry higher risk for cardiovascular events. 2, 30 This community-based longitudinal cohort provides a unique opportunity to examine the mediation effects of BMI and BP in terms of both adult values and cumulative burden. There were, however, a few limitations in this study. The forced values of 140/90 mm Hg assigned to the measured SBP/DBP for hypertensive patients under treatment would result in some bias in the association and mediation analyses. Therefore, we repeated the analyses by using +10/5 mm Hg to the measured SBP/DBP values and model adjustment for BP treatment. The association and mediation parameters did not change substantially. LVH can be reversed by long-term antihypertensive treatment. However, such an effect cannot be assessed without the LVM progression data in this study.
In summary, we demonstrated that BMI and BP, measured in adulthood and as life-long burden and trends (AUCs), had a significant mediation effect on the childhood BMI-adult LVH association. In particular, the mediation effect of adult BMI on the association of childhood BMI with adult LVM and LV remodeling patterns was stronger than that of adult BP. In addition, the mediation effect of adult BP on CH was stronger than that on EH using childhood BMI and cumulative BMI as predictors. The novelty of this study is that we quantified the degree of the mediation effect of adult BMI and BP on the association between childhood BMI and adult cardiac structure changes. These findings suggest that long-term influence of increased BMI since early life has adverse impact on subclinical changes in cardiac structure, and childhood excessive body weight and adult LVH are linked through increased BMI and elevated BP in later life. The quantification of the mediation effects of adult BMI and BP may facilitate the development of novel prevention and intervention strategies for controlling the important predictors and mediators beginning in childhood to reduce the risk of cardiovascular disease in adult life.
